We consider the dynamics of a probe brane on various dynamical brane backgrounds.
Introduction
String theory contains higher-dimensional branes as well as strings. The low-energy dynamics of the branes are described in supergravity theories. An innumerable number of brane solutions have been discovered so far. Although most of them are static, time-dependent brane solutions also exist. For example, colliding brane solutions, which are found by Gibbons, Lu and Pope [1] , are time-dependent solutions (For the related progress, see [2] [3] [4] [5] [6] [7] [8] ). The colliding solutions have some applications in realistic cosmology [9] [10] [11] [12] . However, those have not succeeded yet because some unwanted things happen such as the formation of a naked singularity.
An interesting issue is to consider the brane dynamics on the dynamical brane backgrounds.
It is well studied on static brane backgrounds [13] . The brane dynamics is an important subject in M-theory and string theory. For example, the matrix model formulations of M-theory and type IIB string theory are intimately concerned with the brane dynamics [14, 15] .
Our purpose here is to consider the dynamics of probe branes on various dynamical brane backgrounds. This is formally a generalization of the work by Tseytlin [13] , where "static" source brane backgrounds are considered. To study the brane dynamics, first of all, it is necessary to consider the gauge-fixing condition. In particular, the static gauge is consistently taken even for the dynamical backgrounds but it gives rise to an additional constraint as the consistency condition. This constraint leads to the supersymmetric intersection rules for the static branes, while the dynamical backgrounds preserve no supersymmetry. This is a specific feature of the dynamical backgrounds since the static gauge condition gives rise to no constraint on the brane configuration in the case of the static background. Furthermore, due to the constraint, it follows that there is no velocity-independent force for the probe brane even on the dynamical backgrounds. This paper is organized as follows. In section 2, we introduce dynamical brane solutions. In section 3 we consider the dynamics of a probe p-brane moving on the dynamical brane solutions.
In particular, we argue the condition under which the velocity-independent force vanishes. Section 4 considers probe M-branes on the dynamical backgrounds in the eleven dimensional supergravity. Section 5 is devoted to probe NS-branes and D-branes on the dynamical brane backgrounds in type IIB and IIA supergravities. In section 6 we argue a generalization of the dynamical background by allowing the metric to depend on the spatial direction along which the branes extend. For a specific choice of parameters, the static gauge leads to no constraint.
This fact is explained with an example of M2-brane in detail. Section 7 is devoted to conclusion and discussion.
Dynamical brane backgrounds
This section introduces dynamical brane backgrounds used in later discussion.
The gravitational theory considered here includes the metric in the Einstein frameg M N , a scalar field (dilaton) φ, and a (p + 1)-form field A p where the field strength is F (p+2) = dA p . This theory is realized by imposing some ansatz in type IIB and IIA supergravities. It is enough to describe charged p-branes.
The action (in the Einstein frame) is given by [16] Then the constants c and ǫ are defined as Let us suppose the metric as follows:
Here ds 2 denotes the D-dimensional metric in the Einstein frame, X is a (p + 1)-dimensional spacetime with the metric q µν and the coordinates x µ , and Z is a (D − p − 1)-dimensional space with the metric u ab and the coordinates z a . The parameters a and b are given by
Then the parameter c in (2.3a) is rewritten as
The metric ansatz (2.5) is a generalization of static p-branes with a dilaton coupling [16] . The dynamical brane solution can be obtained only in the particular case with (2.6) , while the static brane solution does not necessarily require the condition (2.6) .
For φ and F (p+2) , suppose the following forms,
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where Ω(X) is the volume (p + 1)-form,
Under the supposition, the metric in (2.5) should satisfy
where D µ is the covariant derivative with q µν and the Laplacian △ Z is defined on the Z space.
Similarly, R µν (X) and R ab (Z) are the Ricci tensors associated with q µν and u ab , respectively.
For later argument, we concentrate on a simple case specified with
where η µν is the (p − 1)-dimensional Minkowski metric, and δ ab are the (
Euclidean metric. The general solution of (2.10) is given by [17, 18] h(x, z) =
where β µ ,β and M l are constant parameters. The distance |z a − z a l | is defined as
When β 0 = 0, the solution becomes time-dependent. For β µ = 0, the solution describes static BPS p-branes with charges M l , which are aligned in parallel.
In general, the dilaton does not vanish. There is no dilaton contribution in the special case with c = 0 , which contains p = 2 and p = 5 for D = 11 , p = 3 for D = 10 .
In the following argument, we will set that β 0 = 0 and the other components are zero, for simplicity. In Sec. 6, the contribution of the spatial components of β µ will be discussed.
Probe branes on dynamical brane backgrounds
The dynamics of a probe p-brane is investigated on the dynamical brane backgrounds without the scalar-field contribution.
General setup
We consider a p-brane moving on a D-dimensional dynamical brane background with the (p+1)-form A (p+1) . The analysis includes probe D-branes in ten dimensions with a constant dilaton and M-branes in eleven dimensions. For these cases, there is no distinction between the string frame and the Einstein frame. The world-volume gauge field is not induced by an NS-NS two-form field and it is not taken into account.
The probe p-brane action (with a constant dilaton or without a dilaton) is given by
where T p is the p-brane tension. Hereḡ µν andĀ are the pull-back of the metric and the p-form,
The p-brane world-volume is described by the coordinate σ µ (µ = 0 , . . . , p) , and it is embedded into the target spacetime in D dimensions via the functions
It should be noted that the static gauge x µ = σ µ can be taken even for the dynamical backgrounds, as explained in Sec. 3.2 in detail, though an additional constraint appears in comparison to the static backgrounds. Assuming that the static gauge is available, the induced metric and the p-form gauge-field are expanded as
Note that g µa = 0 for the dynamical backgrounds concerned with the present analysis.
Then the p-brane action (3.1a) is expanded as
The potential V gives rise to the velocity-independent force that acts on the probe p-brane.
The condition for no velocity-independent force implies that V = constant . This condition is equivalent to the constraint coming from the static gauge, as shown later.
Static gauge and constraint condition
The static gauge is argued for the dynamical brane backgrounds. The consistency of the static gauge leads to an additional constraint, which is equivalent to the supersymmetric intersecting rules for the static branes.
From the p-brane action (3.1a) , the classical equations of motion are obtained,
with the coordinates τ and σ α (α = 1 , · · · , p) . Here τ and σ α denote time and spatial directions of the p-brane world-volume and the range of σ α is taken as −∞ < σ α < +∞ .
It is necessary to impose suitable boundary conditions at the spatial infinity of the p-brane world-volume. A possible choice is the free endpoints for all of the components of M
where σ α 0 denote the endpoints of the world-volume. Any constraints are not imposed on the variation δx M (τ, σ 0 ) of the world-volume coordinate at the spatial endpoints of the p-brane.
A constraint coming from the static gauge
Let us argue the static gauge for the probe p-brane on dynamical brane backgrounds. As a concrete example of the dynamical backgrounds, consider the dynamical p-brane background (2.5) . The probe p-brane is supposed to be parallel to the background p-brane for simplicity.
As a consistency of the static gauge for the background (2.5), it is necessary to check the following static configuration
satisfies the classical equations of motion for the probe p-brane. By substituting the configuration (3.7) into the equations of motion (3.5) , the following condition is obtained,
where ξ is defined as
For the dynamical background, the constraint (3.8) is not satisfied in general, while it is trivially satisfied for the static backgrounds. The special case is ξ = −2 . The static gauge is available if and only if ξ = −2 . Note that the first contribution in (3.8) comes from the Nambu-Goto part of the action and the second one from the coupling to the p-form gauge field. Thus, if the gauge-field contribution is ignorable (for example, when the probe p-brane is not parallel to the background p-brane), then ξ = 0 is required for the static gauge.
The condition ξ = −2 is realized for the following cases:
Thus the potential is trivial when a probe M2-brane (M5-brane) is parallel to the background M2-brane (M5-brane) in eleven dimensions, and when a probe D3-brane is parallel to the background D3-brane.
Expanding the probe p-brane action
Assuming that ξ = −2 and the static gauge, let us expand the full action (3.1a) .
The metric in (2.5) is diagonal and the determinant part in (3.1a) is expanded as
where "· · · " denotes higher-order terms in derivatives. Note that the condition ξ = −2 indicates that the second-order terms in derivatives vanish and the higher-order terms start from the fourth order.
Then the coupling term to the gauge-field in (3.1a) is expanded as
where we have used (2.8b).
In total, the full action (3.4) is expanded as
and the potential is obtained as
For the static gauge condition, ξ = −2 . Thus the non-derivative corrections are canceled out and the force starts at the fourth order in derivatives. This is the same result as in the static case [13] . This indicates that the RR charge is equal to the tension of the probe p-brane. In other words, the BPS condition is obtained from the cancellation of the non-derivative part of the potential even for the dynamical backgrounds.
When the probe p-brane is not parallel to the background p-branes, the potential (3.4) receives the contribution only from the Nambu-Goto part because the coupling to A (p+1) vanishes. The static gauge implies that ξ = 0 and then the velocity-independent force vanishes.
The condition ξ = 0 implies p = 7 (D7-brane) in D = 10 . However, the D7-brane background contains a non-trivial dilaton and hence this case is not included in the analysis here. The analysis including the dilaton is performed in Sec. 5.
Probe p s -branes on dynamical p r -brane backgrounds
The next case we consider is a probe p s -brane moving on dynamical p r -brane backgrounds with a constant dilaton or without the scalar field.
The p s -brane action is now given by
where T ps is the p s -brane tension. Hereḡ µν andĀ are the pull-back of the spacetime metric and the p-form gauge field,
Suppose that the probe p s -brane overlaps with the background p r -brane inp spatial directions. Then it is helpful to express the dynamical p r -brane background as follows: respectively. The constants a r and b r are given by
The background p r -branes extend on the X and Y spaces, while the probe p s -brane extends on the X and W spaces.
For the static configuration,
the equation of motion for the probe p s -brane leads to the following condition,
Here χ ′ is defined as
For the dynamical background, this condition is not automatically satisfied in comparison to the static backgrounds. Therefore the condition (3.19) is satisfied if and only if χ ′ = 0 .
Then the total action (3.14) is expanded as
"· · · " denotes higher derivative terms. One can read off the potential V as
From the consistency to the static gauge, χ ′ = 0 and the velocity-independent force vanishes.
Note that the derivative corrections start from the second-order.
The condition χ ′ = 0 implies that the overlapping dimension p is described as
The relation (3.23) is equivalent to the supersymmetric intersecting condition for the static branes with a constant dilaton or without the scalar field.
In the next section, we will discuss the M-brane cases in the eleven-dimensional supergravity,
where there is no contribution from the scalar field.
Probe M-branes
This section considers the dynamics of probe M-branes on dynamical M-brane backgrounds in eleven dimensions. We argue the consistency condition for the static gauge.
M2-brane probes
The first case is a probe M2-brane moving on dynamical M-brane backgrounds.
An M2-brane probe on the dynamical M2-brane background
Let us first consider a probe M2-brane moving on the dynamical M2-brane background,
where η µν is a three-dimensional Minkowski spacetime metric, and δ ab is the eight-dimensional flat metric, and Ω(X) denotes the volume three-form.
Suppose that the probe M2-brane and the background M2-branes extend on the X space.
Then, with the static gauge,
2) the equation of motion for the probe M2-brane leads to the trivial condition,
With the static gauge (4.2) , the potential V vanishes:
Thus there is no velocity-independent force in this case.
Next, let us consider the case that the probe M2-brane is completely orthogonal to the dynamical M2-brane background. It is helpful to rewrite the metric and the gauge field as [18] Suppose that the probe M2-brane extends on the W space, while the background M2-branes extend on the Y space. Then for the static configuration,
the equation of motion for the probe M2-brane becomes
Then Eq. (4.7) is automatically satisfied and hence the potential V becomes a constant. Therefore there is no velocity-independent force again. This result agrees with the intersection rule [19] (See also [18] for the dynamical brane background),
Finally, let us consider the case that the probe M2-brane probe shares one spatial direction with the background M2-brane. It is convenient to rewrite the background metric and the gauge field as
where δ ab (Z) is the seven-dimensional flat metric.
Suppose that the probe M2-brane extends on x and v , while the background M2-branes extend on x and y . The static gauge condition
leads to the following condition,
This condition is not satisfied in general and the static gauge is not applicable. This fact implies that the velocity-independent force remains.
An M2-brane probe on the dynamical M5-brane background
Let us consider a probe M2-brane moving on the dynamical M5-brane background.
As the first case, suppose that the probe M2-brane is parallel to the background M5-branes.
Then it is convenient to express the metric and the gauge field like
Here η µν is the three-dimensional Minkowski metric. The flat metrics δ ij and δ ab are defined in three and five dimensions, respectively. Then Ω(X) and Ω(Y) are the volume three-forms.
The background M5-branes extend on the X space and the Y space while the probe M2-brane extends on the X space.
the equation of motion for the probe M2-brane leads to the condition,
This condition is not satisfied in general and the static gauge is not applicable. This fact implies that there is the velocity-independent force.
Next, suppose that the probe M2-brane overlaps with the background M5-branes in one spatial direction. It is helpful to rewrite the background metric and the gauge field like
Here η µν is the two-dimensional Minkowski metric, and δ ij and δ ab are the four-dimensional flat metrics. Ω(Y) is the volume four-form. The background M5-branes extend on the t, x coordinates and the Y space while the probe M2-brane extends on the t, x and v coordinates.
the equation of motion for the probe M2-brane leads to the trivial condition,
Thus the static gauge is available. Then the potential V is evaluated as 18) and hence there is no velocity-independent force. This is consistent with the intersection rule for the M2-M5-brane system [20, 21] (See also [18] for the dynamical brane background) ,
M5-brane probes
The next is to consider a probe M5-brane moving on dynamical M-brane backgrounds. Similarly, the consistency condition of the static gauge is equivalent to the supersymmetric intersecting rules for the static M5-branes.
An M5-brane probe on the dynamical M5-brane background
Let us consider a probe M5-brane moving on the dynamical M5-brane background,
where η µν is the metric of six-dimensional Minkowski spacetime X, and δ ab is the metric of the five-dimensional flat space Z. Then Ω(X) is the volume six-form. The background M5-branes extend on the X space.
First of all, suppose that the probe M5-brane is parallel to the background M5-branes and extends on the X space. Then, for the static configuration,
the equation of motion for the probe M5-brane leads to the trivial condition, 22) and hence the static gauge does not provide any additional constraint. With the static gauge, the potential V vanishes like 23) and there is no velocity-independent force.
The next is the case that a probe M5-brane overlaps with the background M5-brane inp spatial directions. It is helpful to rewrite the background metric and the aguge field as [18] Suppose that the probe M5-brane extends on the X space and the W space. Then, for the static gauge configuration,
the equation of motion for the probe M5-brane leads to the non-trivial condition,
Thus the static gauge is available if and only ifp = 3 .
With the static gauge withp = 3 , the potential V vanishes like
and there is no velocity-independent force. This result is equivalent to the intersection rule of M5-branes [19] (See also [18] for the dynamical brane background) , 
A D-brane probe
Let us consider a probe Dp s -brane moving on the dynamical brane backgrounds. First of all, we shall give the outline of our argument in this section.
The Dp s -brane action, which is concerned with the present analysis, is given by
Here T ps is the Dp s -brane tension andḡ µν is the induced metric. ThenB µν andC (ps+1) are the pullback of an NS-NS two-form and a (p s + 1)-form. The world-volume gauge field is given by F µν . We work in the string frame hereafter.
We take the static gauge x µ = σ µ (µ = 0 , · · · , p s ), though it may give rise to an additional constraint for the configuration of the probe brane as we have seen in the previous sections.
Then the metric, the NS-NS two form and the p s -form are rewritten as
where g µa = 0 is satisfied by the dynamical brane backgrounds concerned with our analysis.
Note that the world-volume gauge-field strength F µν is chosen as
so that the probe brane does not carry the F-string charge, unless otherwise noted. It is because we are interested in the force between the probe brane without resolved F-strings and the background branes. As a result, the NS-NS two-form B M N effectively couples only to the transverse directions, as noted in [13] .
Then the action in (5.1a) is also expanded as
Recall that the potential V determines the motion of the probe Dp s -brane. If V is represented by a non-trivial function, it induces a velocity-independent force. On the other hand, if V = constant, then there is no velocity-independent force.
We will investigate the dynamics of a probe brane on each of the possible dynamical brane backgrounds.
A Dp s -brane probe on the dynamical Dp r -brane background
The first is a probe Dp s -brane moving on the dynamical Dp r -brane background.
As a simple case, suppose that the probe Dp s -brane is parallel to the background Dp r -branes.
The background metric and fields are given by
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Here η µν is the (p+1)-dimensional Minkowski metric, and δ ab are flat (9−p)-dimensional metric.
Then Ω(X) denotes the volume form on the X space. The probe Dp s -brane and dynamical Dp rbrane background extend on the X space.
the equation of motion for the probe Dp s -brane leads to the trivial condition,
and the resulting potential V becomes constant. Thus there is no velocity-independent force.
The next case is that the probe Dp s -brane overlaps with the background Dp r -brane inp directions. Then it is convenient to rewrite the background as
Here η µν is the (p + 1)-dimensional Minkowski metric. The flat metrics δ ij , δ mn and δ ab are defined in (p r −p) , (p s −p) and (9 +p − p r − p s ) dimensions. Then Ω(X) and Ω(Y) are the volume form on the X space and the Y space, respectively. The background Dp r -branes extend on the X and Y spaces, while the probe Dp s -brane extends on the X and W spaces.
For the static configuration, Under this condition, the resulting potential V is evaluated as 12) and hence there is no velocity-independent force. The condition in (5.11) is equivalent to a supersymmetric intersection rule for the static D-branes [20, 22] (See also [23] for the dynamical brane background) ,
(5.13)
A Dp-brane probe on the dynamical F-string background
The next is a probe Dp-brane on the dynamical F-string background.
First, suppose that the probe Dp-brane is parallel to the background F-strings. The background is given by
Here δ mn and δ ab are the flat metric in (p − 1) and (9 − p) dimensions, respectively. The background F-strings extend along the t and x directions, while the probe Dp-brane extends along the t and x directions and on the W space.
the equation of motion for the probe Dp-brane leads to
where x denotes the coordinate along the background F-strings. This condition is not satisfied and hence the static gauge is not available.
The next case is that the probe Dp-brane orthogonally intersects the background F-strings at a point. Then it is convenient to rewrite the background like
Here δ mn and δ ab are the flat p-and (8 − p)-dimensional metrics, respectively. The background F-strings extend along the t and y directions, while the probe Dp-brane extends on t and the W space.
the equation of motion for the probe Dp-brane is automatically satisfied. Thus the potential V becomes a constant under the static gauge and there is no velocity-independent force. This result agrees with the intersection rule [24] (See also [23] for the dynamical brane background) ,
A Dp-brane probe on the dynamical NS5-brane background
Then we consider a probe Dp-brane probe moving on the dynamical NS5-brane background.
The background metric and fields are given by Suppose that the probe Dp-brane overlaps with the background NS5-branes inp spatial directions (on the X space) . Then, for the static configuration,
the equation of motion leads to the condition,
This condition is satisfied if and only ifp = p − 1 .
With the static gauge, the potential V is evaluated as
This result agrees with the intersection rule [24] (See also [23] for the dynamical brane background) ,
F-string probes
The next we consider is to study the dynamics of an F-string probe moving on dynamical brane backgrounds and to clarify the relation between the consistency condition for the static gauge and the supersymmetric intersection rules concerning F-strings.
The action of a single F-string is given by
where T 1 is the F-string tension. Thenḡ µν and B µν are the pull-back of the spacetime metric and the NS-NS two-form,
In the following, we will consider a probe F-string moving on each of the possible dynamical brane backgrounds.
An F-string probe on the dynamical Dp-brane background
The first is a probe F-string moving on the dynamical Dp-brane background.
First, suppose that the probe F-string is parallel to the background Dp-branes. Then it is convenient to express the background like
Here η µν is the two-dimensional Minkowski metric, and δ ij , δ ab denote the (p − 1)-(9 − p)-dimensional flat metrics. Then Ω(X), Ω(Y) are the volume forms on the X space and the Y space, respectively. The background Dp-branes extend on the X and Y spaces, while the probe F-string extends on the X space.
For the static configuration, The next is the case that a probe F-string orthogonally intersects the background Dp-branes at points. Then it is helpful to express the background as For the static configuration,
the equation of motion for the probe F-string is trivially satisfied and hence the static gauge is possible. Then the potential V becomes constant. This configuration satisfies the intersection rule for the F1−Dp-brane system (5.19).
An F-string probe on the dynamical F-string background
The next is a probe F-string moving on the dynamical F-string background.
First, suppose that the probe F-string is parallel to the background F-strings. Then it is convenient to express the background like
Here δ ab is the flat metric in (9 − p) dimensions. The background F-strings and the probe F-string extend along the t and x directions.
the equation of motion for the probe F-string leads to the condition,
and hence the static gauge is available and the velocity-independent force is not induced. Thus the potential V becomes constant.
The next case is that a probe F-string orthogonally intersects the background F-strings at points. Then we use the background described as
Here δ ab is the flat metric in seven dimensions. The background F-strings extend along the t and y directions, while the probe F-string extends along the t and v ones.
For the static configuration (5.28) , the equation of motion for the probe F-string leads to the condition,
and the static gauge is not available and the velocity-independent force appears again.
An F-string probe on the dynamical NS5-brane background
The last is a probe F-string moving on the dynamical NS5-brane background
Suppose that the probe F-string overlap with the background NS5-branes in the x-direction.
The background is given by
Here δ ij and δ ab are the four-dimensional flat metrics, and Ω(Y) denotes the volume four-form.
The background NS5-branes extend along the t and x directions and on the Y space, while the probe F-string extends along the t and x ones.
the equation for probe F-string is trivially satisfied because
Then the potential V is evaluated as
and thus there is no velocity-independent force, when the probe F-string is parallel to the background NS5-branes. This configuration satisfies the intersection rule for the F1−NS5-brane system [24] (See also [23] for the dynamical brane background) ,
Next, suppose that the probe F-string intersects orthogonally the background NS5-branes.
Then it is helpful to express the background as
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Here δ ij and δ ab denote the five-, and three-dimensional flat metrics, and Ω(Y) denotes the volume five-form. The background NS5-branes extend along the t direction and on the Y space, while the probe F-string extends along the t and v directions.
and hence the static gauge is not available and there remains the velocity-independent force.
NS5 brane probes
We finally consider a probe NS5-brane moving on dynamical brane backgrounds and present the consistency condition and potential for the static gauge involving NS5-brane probes.
The classical action of a single NS5-brane is given by
where T 5 is the NS5-brane tension, andḡ µν is the induced metric and B µ 1 ···µ 6 is the pull-back of the Hodge dual of an NS-NS two-form.
In the following, we will consider a probe NS5-brane on each of the possible dynamical brane backgrounds.
An NS5-brane probe on the dynamical Dp-brane background
The first we consider is an NS5-brane probe moving on the dynamical Dp-brane background.
First, suppose that the probe NS5-brane shares the background Dp-brane withp spatial dimensions. Then it is convenient to express the Dp-brane background like
45b) For the static configuration,
the equation of motion for the probe NS5-brane leads to
Thus the static gauge is available if and only ifp = p − 1 .
With the static gauge and the conditionp = p − 1 , the potential V is evaluated as
and hence the velocity-independent force vanishes. The conditionp = p − 1 also agrees with the intersection rule for the NS5−Dp-brane system given in (5.24) .
An NS5-brane probe on the dynamical F-string background
The next is a probe NS5-brane moving on the dynamical F-string background.
Suppose that the NS5-brane probe intersects orthogonally the background F-strings. It is helpful to express the background as
Here δ mn and δ ab are the flat metrics in five and three dimensions, respectively. Now the background F-strings extend along the t and y directions, while the probe NS5-brane extends along the t direction and on the W space.
and this condition is not satisfied. Hence the static gauge is not available and thus the velocityindependent force remains.
Let us next consider the case that the probe NS5-brane overlaps with the background Fstrings in one spatial dimension. Then it is convenient to express the background as
Here δ mn and δ ab are the flat metrics in four dimensions. Now the background F-strings extend along the t and x coordinates, while the probe NS5-brane extends along the t and x coordinates and on the W space.
For the static configuration, 
An NS5-brane probe on the dynamical NS5-brane background
The last case is that a probe NS5-brane moves on the dynamical NS5-brane background.
Let us first consider the case that the probe NS5-brane is parallel to the background NS5-branes. Then it is helpful to express the background as
Here η µν is the six-dimensional Minkowski metric, δ ab denotes the four-dimensional flat metric,
and Ω(X) denotes the volume six-form. The background NS5-branes and the probe NS5-brane extend on the X space.
the equation of motion for the probe NS5-brane is trivially satisfied like
The contribution to the potential comes not only from the Dirac-Born-Infeld part of the NS5-brane action but also from the Wess-Zumino term. The resulting potential is given by
Thus there is no velocity-independent force.
Let us next the case that the probe NS5-brane probe not parallel to the background NS5-branes. The probe NS5-brane shares the background NS5-brane withp spatial dimensions. It is convenient to express the background as For the static configuration,
the equation of motion for the probe NS5-brane leads to the condition,
Thus the static gauge is available if and only ifp = 3 . Then the potential V is evaluated as
and hence the velocity-independent force vanishes. This also agrees with the intersection rule for two NS5-branes [24] (See also [23] for the dynamical brane background) First, suppose that the probe M2-brane is parallel to the background M2-branes. Recall that the background is given by
where η µν is the three-dimensional Minkowski spacetime metric, δ ab is the eight-dimensional flat metric, and Ω(X) denotes the volume three-form. The background M2-branes and the probe M2-brane extend on the X space.
For the static configuration given in (4.2) , the equation of motion for the probe M2-brane gives the trivial condition,
where ∂ α is the partial derivatives with respect to x α . Thus the result is not changed by the general value of β µ .
Let us next consider the case that the probe M2-brane is completely orthogonal to the dynamical M2-brane background. Then it is convenient to express the background as For the static configuration (4.6), the equation of motion for the probe M2-brane leads to
where ∂ i is the partial derivative with respect to y i . Then Eq. (6.4) is automatically satisfied and thus the previous argument is not changed again.
The last case is that the probe M2-brane shares one spatial direction with the background M2-branes. Then it is helpful to express the background as This condition may be interpreted as a dispersion relation for the dynamical M2-brane background. Under the additional condition (6.9) , one may take the static gauge condition properly.
However, the potential V is given by a non-trivial function, V (t, x, y, z) = h Thus the velocity-independent force remains. This is also consistent with the rule (4.8) .
So far, we have discussed a specific example, but the argument is the same for the other dynamical backgrounds and the result is also not changed. In summary, by imposing an appropriate condition for β µ , the constraint for the static gauge can be removed. But the velocityindependent force still remains.
Conclusion and Discussion
We have considered the dynamics of a probe brane on various dynamical brane backgrounds.
This is a generalization of the work on static brane backgrounds [13] . The static gauge on the dynamical backgrounds leads to an additional constraint. It leads to the supersymmetric intersection rules for the static branes, while the dynamical backgrounds preserve no supersymmetry. This is a specific feature of the dynamical backgrounds since the static gauge condition gives rise to no constraint on the brane configuration in the case of the static background.
Furthermore, due to the constraint, it follows that there is no velocity-independent force for the probe brane even on the dynamical backgrounds.
The dynamics of branes has continued to give a new insight in gravitational theories. Nowadays, it is of great interest to apply the brane dynamics to realistic cosmology. Time-dependent brane solutions would provide a bridge between string theory and cosmology. Those would be available to construct realistic cosmological models. The brane dynamics would shed light on the origin of the Universe.
